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1. Introduction 
Ethylnitrosourea is an alkylating reagent which 
reacts with the phosphates of nucleic acids [ 1,2]. We 
have found that it attacks, to almost similar extents, 
all phosphates in the unfolded tRNAPhe under mild 
conditions [3]. In the native tRNAPhe, however, 
some phosphates were modified to a lower extent, 
suggesting that these residues are protected by the 
tRNA structure against the chemical attack. We could 
show that hese low reactive phosphates are buried in 
the three-dimensional structure of tRNAPhe. Ethyl- 
nitrosourea can thus probe the solvent accessibility of 
the phosphate groups in an RNA, and similarly to 
other nucleic acid base reagents used [4], can bring 
information about the tertiary structure of the nucleic 
acid in solution. Taking advantage of this property 
one might use ethylnitrosourea to probe the reactivity 
of the phosphates of tRNAs engaged in complexes 
with proteins. Since the reagent is small, it might 
allow the precise mapping of the tRNA areas in con- 
tact with the proteins in the complexes. 
Here we present the results of an attempt to inves- 
tigate the chemical modification by ethylnitrosourea 
of yeast tRNAVa’ bound to valyl-tRNA synthetase. 
We found that the synthetase protects phosphodiester 
bonds in the anticodon arm and in the variable loop 
of the cognate tRNAhl. In these areas, the phosphates 
in positions 39-43 and 46-5 1 were protected the 
most efficiently. Under identical synthetase-tRNA 
ratios, non-cognate enzymes, such as phenylalanyl- 
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and aspartyl-tRNA synthetases, influence only slightly 
the alkylation of the phdsphates in the tRNAVal. 
2. Materials and methods 
Pure tRNAVa’ ( ma or s j p ecies) was purified from 
crude brewer’s yeast tRNA by counter-current distri- 
bution [5] followed by conventional chromatography 
techniques. Valyl-, aspartyl- and phenylalanyl-tRNA 
synthetases were purified according to [6-81. Ethyl- 
nitrosourea was synthesized as in [9]. 3’-Labelling 
of tRNAVal was performed according to [lo]. 
Alkylation of tRNA val, free or engaged in the 
complex with the synthetases, was performed at 20°C 
for 3.5 h in a 0.15 M sodium cacodylate buffer (pH 
8.0) containing 5 X 10e3 M MgClz and 3 X 1 OA M 
EDTA. Sodium cacodylate was chosen as the buffer 
because the pure tRNA was prepared as a sodium salt 
by dialysis against this salt and because we wanted to 
keep the ionic conditions of the nucleic acids unmod- 
ified. Ethylnitrosourea was added as a concentrated 
ethanol solution (2.5 ~1) to 22.5 ~1 of the aqueous 
buffer containing either tRNAVa’ alone or both 
tRNAVal and the enzyme. The reagent was 70 mM in 
the reaction mixtures and 3’-labelled tRNAVal and 
cold carrier tRNAVal was 1.5 PM. The enzymes were 
5 PM. In control experiments, ethanol was substituted 
for the reagent solution. Reaction time and tempera- 
ture must be controlled carefully, since the extent (or 
the rate) of modification of the phosphates by the 
alkylating agent must be the same in both free and 
complexed tRNA in those regions which do not inter- 
act with the synthetase. 
After modification all reaction mixtures were 
treated identically. The solutions were extracted with 
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15 gl phenol in Eppendorf tubes and tRNA was pre- 
cipitated by the addition of 3 yl carrier ibosomal 
RNA solution (5 mg/ml), 3 ~13 M sodium acetate 
(pH 6.0) and 100 ~1 ethanol. The tRNA was then 
redissolved in 10 ~10.3 M sodium acetate (pH 6.0) 
containing low2 M EDTA and precipitated again 
with ethanol. The modified tRNA was then dissolved 
in 10 ~10.1 M Tris-HCI (pH 9.0) containing 10m3 M 
EDTA and incubated for 5 min at SO’C, conditions 
which are necessary to split the ribophosphate back- 
bone at the alkylated positions, precipitated by the 
addition of 7 pi3 M sodium acetate (pH 6.0) and 
60 ~1 ethanol* rinsed with ethanol, and dried in 
vacuum. Under these conditions the alkylation of 
tRNAVd proceeded to a limited extent: <O. 1 mol 
ethyl groups was incorporated/l mu1 tRNAVal. As 
these phosphate a~ky~ations arescattered along the 
tRNA molecule, fragments of different sizes will be 
generated inamounts reflecting the extent of alkyla- 
tion at the various phosphate positions. This low 
extent of modification guarantees also that the 
observed patterns of modi~cation reflect the accessi- 
bility of tRNA phosphates incomplexes partially 
undamaged by the modi~cat~on. The analysis of the 
tRNA fragments produced by the modi~cation was 
done by eleetrophoresis on acrylamide/S M urea gels, 
essentially as in [ 1 I]. X-ray films were scanned with 
the Transidyne 2955 scanning densitometer using the 
linear scale of the instrument. For more experimental 
details and for a discussion of the methods ee [3]. 
3. Results and discussion 
As a prerequisite to the study of the complex 
formed between tRNAVal and aminoacyl-tRNA syn- 
thetases, we first investigated the alkylation of the 
free tRNAVa’. As we found for tRNAPhe [3] it 
appears that most of the phosphates of the free 
tRNAVal react with ethylnitrosourea (fig. 1,2). It can 
be seen in fig.1 that the electrophoretic bands corre- 
sponding to the split products of tRNAVal at phos- 
phates tarting from position 30-66 are well resolved 
and that there is practically no degradation of the 
tRNAVai n this region as seen in the control experi- 
ments. No confident information about the rest of 
the molecule could be obtained in the present experi- 
ments (see legend to fig.1). The qua~titat~on f the 
intensities of the electrophoretic bands, which are 
the reflection of the electrophoretic bands, which 
Fig.1. Autorad~o~ram of a 20% acrylamidc gel of an alkyla- 
tion experiment of 3’-labeiled tRNAVal with cthylnitrosourea 
in the presence of aminoacyl-tRNA synthetases: (3,6,9) 
alkylation in the presence of phenylalanyl-, valyl- or aspartyl- 
tRNA synthetases, respectively. The protected area in track 
(6) is indicated by a dashed line; (4,7,10) alkylation in the 
absence of enzymes; (1,5,11) control incubations in the 
absence of both enzymes and reagent; (2,8) control incuba- 
tions in the absence of reagent and in the presence of phenyi- 
alanyi-or valyl-tRNA synthetase, respectively; (12) incuba- 
tion in the presence of RNase T, allowing the assignments of 
the electrophoretic bands. The numbering of the bands 
corresponds to that of the alkylated phosphates; for instance 
band 44 corresponds to phosphate 44 and to G43. As the 
treatment of alkyfated tRNAVaf includes ethanol precipita- 
tion, the short labelled oligonucleotides produced by splitting 
at phosphates 67-77 were partially lost. Confident .la- 
tion of phosphate reactivities within the 3’-part of AW 
was not possible due to the low resolution in this I”Jrt of the 
gel and also to some unspecific degradation of the tRNA (this 
is visible on the upper part of the gel in the control experi- 
ments). It is seen however, that there is no strong protection 
of phosphates in positions 20--30, as the etectrophorctic 
patterns are similar in the presence and absence of enzyme in 
that region (compare tracks 6 and 7). The weakness of bands 
60 and 61 and theabsence of bandsbetween positions44--55 
is indicative of low reactive phosphates in the native 
tRNAVU’. 
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Fig.2. Densitometric tracing of patterns of phosphate alkyla- 
tion in tRNAVa’ erther free or in the presence of cognate or 
non-cognate ammoacyl-tRNA synthetases. Tracings were 
done for tracks (7,6,9,3); assignments of peaks were done 
using track (12) as a marker (see fig.1). 
are the reflection of the reactivity of the phosphates, 
was done by densitometric tracing. The results pre- 
sented in fig.l,7 show that hese reactivities are not 
completely uniform under the conditions used. For 
instance, the bands corresponding to products split at 
phosphates 60 and 61 are practically absent on the 
electrophoretic pattern. Furthermore between posi- 
tion 44 and 55 there are two low reactive phosphates 
in the native tRNAVa’. This situation which is similar 
to that described for tRNAPhe [3] will be discussed 
in more detail in the case of tRNAVa’ and of other 
tRNAs in a forthcoming paper. Interestingly, these 
phosphate positions in tRNAVat correspond to posi- 
tions of low reactive phosphates in tRNAPhe [3]. 
Consequently it can be concluded that the structural 
organisation in both tRNAs is similar. 
The modification of tRNAVal engaged in the com- 
plex with its cognate synthetase was carried out 
under conditions providing the stability of the inter- 
action, i.e., at 20°C and in the presence of Mg’+. The 
enzyme was taken in 2.5-fold excess over tRNA, so 
that only the specific one-to-one complex is formed 
in the incubation mixture [ 121. It was also verified by 
means of the nitrocellulose filter binding assay [ 131 
that the complex remains stable until the end of the 
alkylation reaction. Taking into account these facts 
and also the results obtained with free tRNAVal, it 
was found that the alkylation pattern of the tRNA 
phosphates was drastically changed in the complex 
(fig.l,2). The most important changes occur in the 
sequence starting from the 3’-side of the anticodon 
to the beginning of the T-stem. The effect of protec- 
tion by the synthetase is variable along this sequence 
being maximal for phosphates 39-43 and 46-5 1. It 
is specific since in the presence of non-cognate syn- 
thetases (phenylalanyl- or aspartyl-tRNA synthetase) 
no pronounced alterations in the alkylation pattern 
of the phosphates in tRNAVal were observed. This 
does not mean that no interaction takes place between 
tRNAVal and non-cognate enzymes. Such interactions 
have actually be shown to occur, particularly with 
tRNAVal [14], but under the experimental conditions 
used in this work, the unspecific interactions are 
unfavoured. 
The experimental procedure used in this work 
allowed only to probe the possible involvement of 39 
out of the 77 phosphates, in the interaction of 
tRNAVat with its cognate synthetase (see fig.3). Of 
these 39 phosphates, 11 were found to be strongly 
protected by the enzyme and 6 others only partly. 
This number substantially exceeds that of the elec- 
trostatic contacts calculated for the interaction of 
tRNAVal with its synthetase [IS] which obviously 
involve phosphates. This means that not all of these 
Fig.3. Summary of the effects of aminoacyl-tRNA synthe- 
tases on the reactivities of phosphates in tRNAVal. R-values 
are the ratios between the intensities of the corresponding 
electrophoretic bands of the tRNAVal alkylation patterns in 
the presence of the enzyme and of free tRNAVal. The inten- 
sities were measured as the peak heights of the densitometric 
tracings shown in fig.2. Phosphates 39,40,41,42,43,46,47,48, 
49,50 and 51 are considered as strongly protected;phosphatcs 
36,44,45,52,53 and 54 being only partly protected. The 
changes in phosphates reactivities were taken as significant 
if the deviation of R-values from 1 was >30% which was 
estimated as the standard error in our experiments. 
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Fig.4. Positions of the phosphates trongly protected by valyl-tRNA synthetase in the tRNAVal structure: (A) in the cloverleaf 
structure 1211 (-); (B) in the three~imensional model (ORTEP drawing of the structure of yeast tRNAPhe calculnted according 
to coordinates in [22]) (0). 
phosphates participate in the interaction with cationic 
groups of the enzyme. 
The methodology used here allowed us to approach 
the problem of conformational change in tRNA upon 
binding to the synthetase. Although our results do 
not allow to give a firm answer with regard to the 
whole tRNA molecule, they demonstrate the absence 
of unfolding of the central part of the tRNAVai mole- 
cule upon binding with vaIyl-tRNA synthetase as 
substantiated by the low reactivities of the phosphates 
60 and 6 1 in both free and complexed tRNAVat . 
The results and conclusions of this work are sum- 
marised in fig.4 which shows the cloverleaf and three- 
dimensjona~ model of tRNAVar with the positions of 
the most protected phosphates by valyl-tRNA syn- 
thetase. The number and the localisation of these 
phosphates clearly indicate the existence of close con- 
tacts between valyl-tRNA synthetase and the ribose- 
phosphate backbone of tRNA”dr within its anticodon 
arm and variable loop. The importance of the variable 
loop in tRNAVal for the interaction with valyl-tRNA 
synthetase was already suggested by tRNA mischarg- 
ing experiments [ 161 and that of the anticodon arm 
by UV crosslinking and nuclease digestion experi- 
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ments [ 17-19]. The involvement of these regions in 
the interaction with the enzyme is in agreement with 
the general binding scheme proposed for tRNA-syn- 
thetase interactions 1201. It must be emphasised that 
in contrast with the crosslinking approach, where 
bases juxtaposed to the enzyme were probed, we 
present here results demonstrating for the first time 
the close contact of tRNA phosphates with a syn- 
thetase. This means probably that the synthetase does 
not interact with tRNA by discrete contacts but more 
likely that a large surface of tRNAVal including the 
different chemical groups of nucleotides is in contact 
with the protein. This is in good agreement with neu- 
tron small angle scattering studies which showed that 
the tRNAVa’ is buried in the enzyme, lying ctose to 
its centrc of mass ]i2]. 
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